The secondary structure of full-length Aβ(1-40) and Aβ(1-42) peptides in films has been investigated with IR and vibrational circular dichroism (VCD) spectroscopy. From IR spectra, it is shown that the prepared films of Aβ(1-40) and Aβ(1-42) mainly comprise the β-sheet conformation that is characteristic of aggregated and fibrous Aβ. In the VCD spectra, the Aβ(1-42) film shows an intense and sharp band with left-handed optical activity at around 1625 cm -1 , while the Aβ(1-40) film shows a weak and broad band with right-handed activity at around 1630 cm -1 . The wavenumbers are characteristic of the β-sheet conformation. It has been clarified that the aggregated Aβ(1-42) adopts the β-sheet conformation with reverse optical activity compared with the aggregated Aβ(1-40). The left-handed optically active β-sheet of the aggregated Aβ(1-42) may contribute to the formation of protofibrils, which are a cause for the higher neurotoxicity of Aβ(1-42) fibrils than Aβ(1-40) fibrils.
Introduction
Amyloid β-peptide (Aβ) has been widely recognized as being a critical peptide associated with the neuropathogenesis of Alzheimer's disease (AD). 1, 2 In particular, the major forms of Aβ in amyloid deposits are 40 and 42 amino acids long in fulllength, designated as Aβ and Aβ(1-42), respectively. 3 Despite the small difference in the primary structure between the two peptides, it has been shown that aggregated Aβ(1-42) is significantly more neurotoxic than aggregated Aβ(1-40). [4] [5] [6] Thus, structural differences between aggregated Aβ(1-40) and Aβ(1-42) have attracted considerable interests for understanding the mechanism for the pathogenesis of neurotoxicity in AD and for the development of Aβ(1-42)-targeted drugs. 6 The differences in the secondary structure between aggregated Aβ(1-40) and Aβ(1-42) have been studied with several spectroscopic techniques. [7] [8] [9] [10] [11] Electronic circular dichroism measurements of Aβ and Aβ in condensed aqueous phases such as Langmuir-Blodgett and cast films showed lower α-helix and higher β-sheet contents for the Aβ(1-42) compared with the Aβ(1-40).
11 By solid-state nuclear magnetic resonance (NMR) and deep ultraviolet resonance Raman (DUVRR) spectroscopy, it was revealed that the conformations of the cores in the fibrils formed from Aβ(1-40) in full-length and Aβ(34-42) fragments were parallel and antiparallel β-sheets, respectively. 7, 8, 10 In addition, the secondary structure of Aβ(25-35) fragments in concentrated solution, gel, and film states was investigated by vibrational circular dichroism (VCD) spectroscopy. 9 However, the differences in the secondary structure between aggregated full-length Aβ(1-40) and Aβ(1-42) were not clarified at a level of substitutional groups. Although various Aβ fragments, such as 1-28, 25-35, and 34-42, have shown similar biochemical and biophysical properties to fulllength Aβ, 12-14 the establishment of structural models of fulllength Aβ has been desired because full-length Aβ is responsible for the pathogenesis of AD. [15] [16] [17] [18] Here, we investigated the secondary structure of aggregated Aβ(1-40) and Aβ in an aqueous environment with VCD spectroscopy. VCD spectroscopy, where one measures the circular dichroism activity in the molecular vibration region, is a powerful tool for the discrimination of slight differences between secondary structures of peptides and proteins in aqueous environments. [19] [20] [21] To form the aggregated states of Aβ(1-40) and Aβ(1-42), we prepared their hydrated films.
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Experimental
Reagents and chemicals
Aβ(1-40) hydrochroride (Wako Chemicals) and Aβ(1-42) hydrochroride (Wako Chemicals) were used without further purification. Ultrapure water (18.2 MΩ, Simplicity UV system with the BioPak, MERCK MILLIPORE) was used for all sample preparations. and Aβ ) films on CaF2 substrates Stock solutions (1 mg/ml) of Aβ(1-40) and Aβ(1-42) were prepared in water. We deposited 60 μL of each aqueous solution onto a CaF2 substrate with six-times successive deposition of 10 μL. The solution placed onto the substrate was dried at 25 C with N2 gas (~3 liter/min) from a nozzle set about 3 cm above the substrate. The drying was continued until most of the bulk water in the solution was eliminated. Aβ(1-40) and Aβ(1-42) films were prepared by about 15 min of the N2 drying ( Fig. 1 ). The diameters of the prepared films were 7 -8 mm.
Preparation of hydrated Aβ
IR absorption and VCD measurements of the Aβ(1-40) and Aβ(1-42) films
The detailed experimental conditions for IR and VCD measurements have been previously reported. 20 They were briefly described here. An IR spectrometer (Nicolet 8700, Thermo Fisher Scientific) directly connected with a table-top optical module (TOM) box equipped with a photo-elastic modulator (Hinds Instruments, II/ZS50) was used. The prepared films were set inside the TOM box. The conditions for the measurements were as follows: resolution, 8 cm -1 ; beam diameter at a focal point, 4.4 mm; and accumulation, 64 times for the IR measurements and 6000 times for the VCD measurements, respectively. The PEM maximum efficiency was set for quarter-wave retardation at 1600 cm -1 . The wavenumber is appropriate for analyses of both the amide I band (1600 -1700 cm -1 ), which mainly reflects the C=O stretching vibrations of peptide backbones in proteins, and the amide II band (1510 -1580 cm -1 ), which mainly reflects the NH bending vibrations. All measurements were performed at 25 C. Figure 1 shows prepared films of Aβ(1-40) and Aβ(1-42). The film of Aβ(1-40) was visually transparent, while that of Aβ(1-42) was slightly aggregated, supporting that Aβ(1-42) aggregates more easily than Aβ(1-40). 22 As a cause for the larger degree of the aggregation of the Aβ(1-42), calcium ions that slightly dissolved from the CaF2 substrate were considered because it has been reported that they promote the growth of Aβ(1-42) fibrils in vitro, while they do not that of Aβ(1-40) fibrils. 23 The IR spectrum of the Aβ(1-40) film exhibited an amide I band at 1632 cm -1 with a shoulder at around 1660 cm -1 and an amide II band at around 1540 cm -1 (a in Fig. 2(top) ). The spectrum of the Aβ(1-42) film was similar to that of the Aβ(1-40) film with respect to the wavenumbers in the amide I and II bands (a in Fig. 3(top) ). The wavenumber of the main peak in the amide I band (1632 cm -1 ) is characteristic of the β-sheet conformation in proteins, while the wavenumber of the shoulder (1660 cm -1 ) is the α-helical conformation. 19, 20 In the formation of aggregated or fibrous Aβ, it has been considered that water-soluble Aβ monomers with α-helical conformation convert to insoluble Aβ aggregates with a high β-sheet content. 24, 25 From the IR absorption spectra, it was revealed that the prepared Aβ films were composed of the main aggregated parts with the β-sheet conformation and of the minor nonaggregated parts with the α-helical conformation.
Results and Discussion
The corresponding VCD spectrum of the Aβ(1-42) film showed distinct features compared with that of the Aβ(1-40) film (a in Figs. 2 and 3(bottom) ). In the spectrum of the Aβ(1-42) film, the amide I band with right-, right-, left-, and right-handed optical activity at around 1665, 1645, 1625, and 1605 cm -1 was observed, respectively. The characteristic VCD pattern of the optical activity in the amide I band was also measured in the VCD spectra of the aggregated Aβ(25-35) and the fibrils formed from insulin, lysozyme, and apo-α-lactalbumin. 9, 26 In contrast, the spectrum of the Aβ(1-40) film displayed a major right-handed optically active amide I band at around 1630 cm -1 and a minor right-handed one at around 1655 cm -1 . In film preparation, in contrast to the solution state, we have to pay attention to the appearance of the artifact signals due to the anisotropy of the prepared samples. 19, 20 We examined the influence of the orientation of the Aβ films on the IR and VCD spectra. The IR and VCD spectra were measured by rotating the film, defined as 0 (normal), 45 and 90 to the direction of the polarized light (Figs. 2 and 3) . The wavenumber position and spectral sign of the amide I and II bands were independent of the orientation of the films for all of the IR and VCD spectra at 0 , 45 , and 90 , indicating that both the IR and VCD spectra for the Aβ included no artifact signal.
From the IR spectra of the Aβ films in the OH stretching vibrational region, it was confirmed whether water was contained inside the films (Fig. 4) . In both spectra, the intensity at around 3400 cm -1 , corresponding to bulk water, was higher than that of the base line, indicating that water was contained inside the films. In addition, in both films we were able to clearly observe the peak at around 3280 cm -1 , which was assigned to the NH stretching mode of the peptide backbones in the Aβ (Fig. 4) .
The characteristic difference in the VCD spectrum between the Aβ films was that the Aβ(1-42) film showed an intense and sharp band with left-handed optical activity at around 1625 cm -1 , while the Aβ(1-40) film showed a weak and broad band with right-handed activity at around 1630 cm -1 . The wavenumbers are characteristic of the β-sheet conformation. 9, 10, 19, 26 As for the reverse in optical activity, we consider the following two reasons.
One is the difference in the type of β-sheet conformation. The measurements with NMR and DUVRR spectroscopy have revealed that the conformations of the cores in the fibrils formed from Aβ(1-40) in full-length and Aβ(34-42) fragments were parallel and antiparallel β-sheets, respectively. 7, 8, 10 Although there are no reports concerning discrimination in the VCD spectra between parallel and antiparallel β-sheet conformations, the VCD bands with the observed left-handed and right-handed optical activity may be assigned to antiparallel and parallel β-sheet, respectively. As the other reason, it is considered that the degree of the crystallinity of Aβ(1-42) increased due to its aggregation. Because the β-sheet conformation was observed in the IR and VCD spectra of both films, Aβ(1-40) and Aβ(1-42) aggregated by the formation of their films. In addition, the degree of the aggregation of Aβ(1-42) was larger than that of Aβ(1-40) based on images of the films shown in Fig. 1 . We have observed intense and sharp right-handed amide I bands at 1620 -1630 cm -1 based on the white turbidity of myoglobin (α-helical protein) and casein (random-coil protein) in films. 20 Although the optical activity was reverse with the VCD band of the Aβ(1-42) film, the appearance of the intense and sharp band may be due to the increased degree of the crystallinity by the aggregation of Aβ(1-42) up to white turbidity.
It has been suggested that the β-sheet conformations of Aβ peptides play a role as a core for the formation of their selfassemblies such as dimers, oligomers, and fibrils. 27, 28 In the formation, Aβ(1-42) formed its fibrils significantly faster than Aβ(1-40). 27 Furthermore, Aβ(1-40) and Aβ(1-42) monomers are able to form dimers, trimmers, and tetramers, while Aβ(1-42) monomers also self-assemble into paranuclei for the formation of protofibrils. 29 It has been suggested that the protofibril form of Aβ(1-42) causes a significant neurotoxicity. 4, 5 The left-handed optically active β-sheet conformation measured in the aggregated Aβ(1-42) may contribute to the faster formation of fibrils by the self-assembly into the paranuclei.
Solid-state NMR and DUVRR spectroscopy have been utilized to discriminate in secondary structures between Aβ peptides. 7, 8, 10 In solid-state NMR spectroscopy, Aβ samples are modified by incorporating isotopes. 7, 8 In DUVRR spectroscopy, the slight spectral differences obtained by the hydrogen-deuterium exchange method were used to identify secondary structures of Aβ. 10 In contrast, VCD spectroscopy allowed us to clearly discriminate in secondary structure, especially the β-sheet conformation, between aggregated Aβ(1-40) and Aβ(1-42) based on differences in the circular dichroism activity in the molecular vibration region. . One division of the y-axis in the spectra corresponds to 0.2 absorbance.
Summary
We analyzed the differences in secondary structure between Aβ(1-40) and Aβ(1-42) peptides in films with IR absorption and VCD spectroscopy. The prepared films of the two peptides predominantly contained β-sheet conformation that is characteristic of aggregated or fibrous Aβ. From VCD measurements, it was clarified that the aggregated Aβ(1-42) adopted the β-sheet conformation with reverse optical activity compared with the aggregated Aβ(1-40) .
